Protein-energy wasting (PEW) is common in hemodialysis (HD) patients. A recent study demonstrated that a high level of N-terminal pro-B-type natriuretic peptide (NT-proBNP) may be associated with PEW in those patients. This prospective study aimed to assess the association of NT-proBNP with body composition and muscle loss. A cohort of prevalent HD patients (n = 238) was examined. Blood samples were obtained at baseline to measure high-sensitive C-reactive protein (hsCRP), interleukin-6 (IL-6), adiponectin and NT-proBNP. Nutritional status and changes in muscle mass were assessed by subjective global assessment, percentage creatinine generation rate (%CGR), creatinine index (CI) and lean body mass (LBM) estimated by dual-energy X-ray absorptiometry (DXA). The %CGR and CI were calculated five times for one year, and DXA was performed at baseline and one year later. Cardiac function was estimated by ultrasonography at baseline. NT-proBNP was significantly higher in HD patients with PEW. High NT-proBNP was associated with cardiac dysfunction, increased levels of hsCRP and IL-6, and serially decreased levels of the indexes for muscle mass. Multiple regression analysis adjusted with confounders showed that NT-proBNP was an independent predictor for decrease in LBM and serial lower levels of %CGR and CI. In conclusion, the present study demonstrated a novel association between NT-proBNP and muscle loss. NT-proBNP may be an independent biomarker for malnutrition in HD patients, especially in patients with muscles loss, regardless of chronic inflammation, cardiac dysfunction, or overhydration.
Introduction
Protein-energy wasting (PEW) is common in patients who undergo hemodialysis (HD). HD patients with PEW often show decreased skeletal muscle [1] , which is a phenomenon similar to that of loss of muscle mass (sarcopenia), resulting from the process of aging [2] [3] [4] .
Methods

Study design, setting and participants
This study was performed as part of an ongoing prospective cohort study that recruited 267 prevalent HD patients who had been undergoing HD for ! 6 months, were of age ! 20 years, and were treated at Kawasaki Clinic during the period July 2007 to July 2008. The study was designed as a prospective observational study with one-year follow-up after baseline analysis. Exclusion criteria were: expected death within 6 months, malignancy, infection, acute vasculitis, liver disease, and heart failure. The study protocol was approved by the ethics committee of Showa University School of Medicine. All subjects gave informed consent in accordance with the requirements of the institutional committee on human research; written informed consent was obtained from all patients. The study was performed according to the 2004 revised Helsinki Declaration.
Medical treatments used to manage the condition of all patients were similar, and the medication for each patient was prescribed according to the K/DOQI guidelines [11] . The patients were managed similarly in terms of protocols for HD, including prescription of dialysis dose. Basically, all recruited patients underwent routine hemodialysis 3 times/week (3-4 h/session) using conventional bicarbonate dialysate and standard high-flux cellulose triacetate, polysulfone, or other dialysis membranes. The patients were instructed to maintain a daily protein intake >1.0-1.2 g/kg body weight. Dialysis dosage was estimated by single pool (sp) Kt/V.
During the follow-up period, 29 patients left the study due to death (n = 13), transfer to another hospital (n = 5), or because dual-energy X-ray absorptiometry (DXA) data were not obtained after 12 months (n = 11). Hence, 238 patients completed the study.
ELISA Kit (R&D Systems Inc., Minneapolis, MN); the sensitivity of this kit was 0.16 pg/mL, with an intra-coefficient of variation (CV) <4.8% and an inter-CV <7.8%. Serum adiponectin levels were measured using the Human Adiponectin ELISA Kit (CircuLex, Nagano, Japan); the sensitivity of this kit was 1.46 ng/mL, with an intra-CV <5.0% and an inter-CV <4.4%. NT-proBNP levels were measured by fully-automated electrochemiluminescence [12] , with an intra-CV <2.8% and an inter-CV <2.2%.
Nutritional status and body composition
Nutritional status was assessed by subjective global assessment (SGA) and body mass index (BMI). SGA was scored according to the following items: 1) medical history (variation in weight, changes in dietary intake, digestive symptoms, physical activity, relationship between disease and nutrient requirements); and 2) physical examination (amount of fat and muscle loss, edema of the legs, presence of ascites).
Body composition was estimated by DXA on the day after a dialysis day [13] . Muscle mass was estimated by percentage creatinine generation rate (%CGR) and creatinine index (CI) [14, 15] . DXA was assessed at baseline and at the one-year follow-up to estimate change in total fat mass (TFM) and lean body mass (LBM). %CGR and CI were calculated to estimate change in muscle mass once every three months (five times for one year). %CGR was calculated by Shinzato's formula [16] , and CI was calculated by the following formula: [17] 
Cardiac function
Ultrasound cardiography (UCG) was performed on the non-dialysis day after a dialysis session at baseline to estimate left ventricular end-diastolic dimension, left atrial dimension, ejection fraction, left ventricular posterior wall thickness, left ventricular mass index.
Hydration status
Lean body mass calculated by DXA is possibly influenced by hydration status; therefore, we estimated total body water at baseline, 3, 6, 9, and 12 months by using the Watson formula as follows: [18, 19] 
Results
Characteristics of patients at baseline
The patient characteristics at baseline are presented in Table 1 . There were 238 patients (149 men (64%), age 64 ± 13 years) analyzed in this study. Forty-nine percent of patients had a history of CVD, and 31% had diabetes mellitus. At baseline, 17% of the study patients were moderately to severely malnourished, as determined by SGA. The mean BMI level was 21 ± 3.0 kg/ m 2 ; 12.5% of the patients were underweight (BMI<18.5), and 11.0% of the patients were overweight (BMI>25).
Correlations among NT-proBNP, variables for nutrition and inflammation, body composition, and cardiac function at baseline
Correlations among NT-proBNP, variables for nutrition and inflammation, body composition, and hydration status are shown in S1 Table. NT-proBNP was positively correlated with hsCRP, IL-6, percentage extracellular water, ratio of extracellular water to total body water (extracellular water / total body water); and inversely correlated with TFM, LBM, %CGR, and CI (S1 Table) . LBM, %CGR, and CI were each positively correlated with one another (S1 Table) . Associations between NT-proBNP and LBM at baseline and at 12 months later, or Table) .
MANOVA was conducted to estimate associations among variables for muscle mass, factors associated with NT-proBNP, and log NT-proBNP at baseline. Interaction between factors for cardiac function, factors of inflammation, or adiponectin and NT-proBNP were not associated with CI or %CGR. However, interactions between left ventricular end-diastolic dimension or adiponectin and NT-proBNP were significantly associated with baseline LBM.
Changes of variables for nutrition and inflammation, and body composition according to NT-proBNP tertiles
Patient characteristics according to the higher (NT-proBNP !≧ 5,760 pg/mL) or middlelower NT-proBNP tertiles (5,590 pg/mL ! NT-proBNP) are listed in Table 1 . Patients with higher NT-proBNP were older and showed lower dry weight and total body water and extracellular water, high prevalence of history of CVD events and malnutrition, decreased levels of creatinine, increased levels of IL-6 and hsCRP, and poorer cardiac function (Table 1) . Total fat mass and LBM in patients with higher NT-proBNP were lower than in patients with middle to lower NT-proBNP tertiles. Creatinine index as well as %CGR were significantly decreased in patients with higher NT-proBNP (Table 1) .
Values of LBM, but not of TFM, in the high tertile of NT-proBNP were significantly decreased during 12 months compared with the middle-lower NT-proBNP tertiles (Fig 1a) . However, those changes were not obtained between the higher and lower-middle tertiles of hs-CRP, IL-6, and adiponectin. Changes of LBM in the lower-middle tertiles of NT-proBNP were increased as well as those of hs-CRP and IL-6 (S2 Fig) .
The values of CI and %CGR in the higher NT-proBNP tertile were serially and continuously decreased during 12 months compared with the middle-lower NT-proBNP tertiles (Fig 1b and  1c) . However, changes in those indexes did not differ between the higher tertile of hs-CRP, IL-6 or adiponectin and the middle-lower tertiles of hs-CRP, IL-6 or adiponectin, respectively (S3 and S4 Figs).
To estimate the influence of hydration status, changes in total body water and extracellular water as calculated by the Watson formula and the Peter formula, respectively, were assessed between the higher and the middle-lower NT-proBNP tertiles. The levels in total body water and extracellular water in the middle-lower NT-proBNP tertiles during 12 months were higher than those of the higher NT-proBNP tertile during 12 months (Table 1, S5 Fig) .
Associations between NT-proBNP (higher tertile vs. middle-lower tertiles) and repeated measurement variables of muscle mass (%CGR, CI, LBM) and hydration status (total body water and extracellular water) were assessed by a multivariate approach. High NT-proBNP was significantly associated with levels of variables of muscle mass and hydration status (S3 Table) . The interaction between NT-proBNP and time points for LBM was confirmed.
Multivariate analysis for changes in LBM, %CGR, and CI
The association between NT-proBNP and changes in LBM was estimated by multivariate analysis (Table 2) . NT-proBNP as well as hsCRP were significantly correlated with decreased changes in LBM for 12 months (Table 2, S4 Table) . However, change in TFM did not correlate with NT-proBNP (data not shown). 
NT-ProBNP and Muscle Loss
The association between NT-proBNP and changes in %CGR and CI is shown in Table 2 . Multivariate models showed that NT-proBNP levels were significantly associated with muscle loss defined by %CGR or CI; if the levels of %CGR were to be changed down to < 100 or continuously decreased to < 100 for 12 months (n = 83, 36%), and the levels of CI were to be changed down to the threshold of the lower tertile or continuously decreased in the lower tertile for 12 months (n = 78, 33%), the patient was identified as having muscle loss. The associations between hsCRP, IL-6 or adiponectin and changes in %CGR and CI are shown in S4 Table.
Discussion
The present study demonstrated the association of NT-proBNP with muscle loss in malnourished HD patients, compared with hsCRP, IL-6 and adiponectin, which are biomarkers of PEW [21] . a: muscles loss were defined as follow; the levels of %CGR would be changed down to < 100 or continuously decreased < 100 for 12 months.
b: muscles loss were defined as follow; the levels of CI would be changed down to threshold of the lower tertile or continuously decreased in the lower tertile for 12 months. water / total body water, albumin, log adiponectin and log NT-proBNP as independent factors.
In the model 4, 8 and 12, the biomarker (hs-CRP, IL-6 or adiponectin) was selected as an independent factor according to findings of model 2, 3, 6, 7, 10 and 11 in S4 Table. NT-proBNP is a biomarker for cardiac stress and fluid overload [7] ; therefore, NT-proBNP levels are influenced by hydration status in HD patients. Indeed, NT-proBNP levels were associated with factors of cardiac function in the present study, while NT-proBNP levels were significantly higher in HD patients with muscle loss. However, NT-proBNP independently predicted the decreased change of LBM and the index of muscle loss in the multivariate model adjusted with confounders including cardiac function. Patients with chronic heart failure tend to show high NT-proBNP levels; however, the levels are higher in patients with cachexia than in patients without cachexia [22] . Booth et al. reported the relationships among cardiac function, hydration status as estimated by bio-impedance, and NT-proBNP levels in HD patients [23] . This study showed that NT-proBNP levels are influenced by hydration status rather than cardiac dysfunction, and that hydration status as estimated by bio-impedance may be enhanced by malnutrition with loss of cell mass [23] .
Madsen et al. reported a predictive ability of high NT-proBNP for mortality in patients under HD [24] . Interestingly, higher NT-proBNP levels, at both pre-and postdialysis, were significantly associated with increased mortality. Moreover, the predictive abilities were independent of volume overload, whereas NT-proBNP levels in patients under HD were elevated according to hydration status as well as reduced left ventricular ejection fraction and left ventricular hypertrophy [24] .
NT-proBNP levels are often increased in patients with CHF and in patients under dialysis with concomitant inflammatory status [25] . Inflammation is a key factor for PEW in patients with end-stage kidney disease who are under dialysis [26] . Moreover, several clinical studies have demonstrated cross-talk between cardiac cachexia, BNP, and adiponectin in chronic heart failure patients [27, 28] ; this suggests that NT-proBNP and inflammatory biomarkers, and adiponectin interact with nutritional status in those patients. In the present study, NT-proBNP was correlated with hsCRP and IL-6 levels, and hsCRP predicted change in and loss of LBM. However, interactions of these factors with LBM, %CGR, and CI were not confirmed. Interaction between adiponectin and NT-proBNP was significantly associated with baseline LBM; however, the multivariate model showed that NT-proBNP was an independent predictor for muscle loss.
In the present study, serum albumin level was not associated with muscle loss. The serum albumin levels between patients with higher and middle to lower tertiles of NT-proBNP were similar, although the patients in the higher tertile of NT-proBNP showed a high prevalence of malnutrition compared with the patients in the middle to lower tertiles of NT-proBNP. Hypoalbuminemia often develops in patients with heart failure, resulting mainly from inflammation and cachexia [29] . On the other hand, albumin is not a reliable biomarker for malnutrition in patients under HD. The reason is that serum albumin levels are possibly influenced by protein loss through renal excretion and dialysis treatment, and by inadequate synthesis and catabolism resulting from insufficient diet and the unique situation in those patients, who experience such conditions as inflammation and chronic metabolic acidosis [30] [31] [32] [33] . Thus, serum albumin cannot always be associated with malnutrition in patients under HD, although hypoalbuminemia is a risk for mortality in those patients [30] . A recent study demonstrated that low serum albumin levels were not associated with decreased muscle mass, but rather, with low muscle strength, in patients under HD [34] . Altogether, measurement of NTproBNP, compared with serum albumin estimation, may be superior for identifying cardiac cachexia as well as muscle loss in patients under HD.
Overall, NT-proBNP may be an independent biomarker for muscle loss. Several hypotheses have been proposed concerning the association between high NT-proBNP and muscle loss. Natriuretic peptides (NPs) increase lipolysis in adipose tissue and mitochondrial oxidative capacity in human skeletal muscle, which prompts oxidative gene expression [35] [36] [37] [38] . BNP could contribute to exercise-induced mitochondrial biogenesis in skeletal muscle [37] , and is produced by activated satellite cells within ischemic skeletal muscle or by cardiomyocytes in response to blood pressure load, which regulates the regeneration of neighboring endothelia via receptor guanylyl cyclase-A [38] . However, BNP exerts strong lipolytic effects in humans [39] . A state of chronic heart failure causes increased NP production in the cardiac walls. NPs secreted into the circulation could stimulate the release of free fatty acids (FFAs) from adipose tissue. Adequate release of FFAs from adipose tissue is beneficial for cardiac metabolism; however, excessive and continuous release of FFAs may impair insulin sensitivity and cause myocardial lipotoxicity. Consequently, cardiac dysfunction may occur [39] . Moreover, levels of NPs in the circulation may produce increased energy dissipation by skeletal muscle [39] as well as adipose tissue [40, 41] . Altogether, NT-proBNP may not only be an indirect biomarker for PEW due to heart failure and overhydration, but also for BNP-provoked loss of muscle mass in HD patients. Measurement of NT-proBNP levels could be a useful method for identifying dialysis patients at high risk for muscle mass loss.
However, the present study results must be considered with the following caveats. The number of patients was relatively small, and we could only evaluate the findings for prevalent HD patients. Additionally, the single-point measurement of NT-proBNP, as well as the other biomarkers of hsCRP, IL-6 and adiponection, did not permit accurate evaluation. Fahim et al. reported on the within-person coefficient of variation of NT-proBNP in patients under HD [42] . In the Fahim study, weekly and monthly variations of NT-proBNP were 27% and 35%, respectively; however, the values of NT-proBNP in patients with higher NT-proBNP were maintained at higher levels during the monitoring period [42] . Moreover, the variations of NT-proBNP were not associated with hydration status, inflammation, or cardiac comorbidity [42] . Thus, higher NT-proBNP levels in patients under HD are possibly continued at higher levels. Another limitation of the present study was that it excluded the patients who did not complete the analysis and who died during the one-year follow-up; thus, there may be a bias related to patients withdrawing from the study. Finally, we could not assess a specific association between LBM by DXA and hydration status estimated by an anthropometric method such as bio-impedance measurement. A large prospective cohort study is required to clarify the reliability of NT-proBNP as a predictor for progression of muscle loss in prevalent HD patients.
In conclusion, NT-proBNP may be an independent biomarker for PEW, especially in HD patients with muscle loss, regardless of chronic inflammation, cardiac dysfunction, or hydration status. 
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